all data on dry basis; c amorphous phases of the Al and Si in the coal fly ash were obtained using (X-ray fluorescence (XRF) data (total amount), subtracting the values present in the crystalline phases (quartz and mullite), determined by X-ray diffraction (XRD); d magnetic fraction of the fly ash was separated manually on a permanent magnet. To perform manual magnetic separation, the permanent magnet was coated with low-porosity paper. Approximately 1.0 g of the coal fly ash was weighed and added to the system. With the aid of a brush, the magnetic fraction was carefully separated from the non-magnetic fraction, both fractions were weighed, and the weight percent was calculated; e CEC: cation exchange capacity determined using NH4 + . D50: average diameter of ash particles. Characterization of the zeolites produced by processes A and B Figure S1 . SEM images of the Na-P1 zeolites obtained in the 15 tests via process A. 
Calculation of zeolitic product purity
The cation exchange capacity (CEC) can be used to estimate the semi-quantitative contents of zeolite crystallinity (purity) in the material obtained after hydrothermal treatment of coal fly ash. According to Querol et al. 3 this is achieved by direct comparison between the CEC values of a pure zeolite standard (100%) and synthetic zeolite material.
The CEC result obtained for commercial zeolite 4A (IQE) under the conditions proposed in this study was 5.30 meq Ca 2+ g -1 , considered 100% pure for the purposes of crystallinity calculation. This is well below the theoretical value for this zeolite of 5.48 meq g -1 . For commercial zeolite Na-P1(IQE), the CEC value obtained was 4.60 meq NH 4 + g -1 (100% pure), equal to the theoretical value calculated for the ratio between the number of compensation cations and the sum of the atomic weight of the elements in the most common chemical formula for this zeolite (Na 6 [(AlO 2 ) 6 (SiO 2 ) 10 ].12 H 2 O).
Calculation of process yields and efficiencies ( Table 6 in the main text)
The equations used to compare process efficiency and effluent generation were based on the procedure proposed by Cardoso et al. 4 The letters j (superscript) and k (subscript) indicate the synthesis process (A or B) and the type of zeolite produced (4A or Na-P1), respectively. 
Si and Al exhibit different solubility in association with amorphous or crystalline phases in fly ash, whereby dissolution of both elements is easier in the amorphous phase, thus favoring zeolite production (Cardoso et al. 2 As such, recovery values for elements were calculated considering the Si and Al levels associated with amorphous phases (see Table S1 ), estimated based on quartz and mullite content (X-ray diffraction (XRD) analysis) and chemical analysis of ). Moreover, in comparison to zeolite 4A, it is difficult to distinguish between different Na-P1 phases and understand their composition and structure. Although all type P zeolites are characterized by the same framework topology as GIS-type zeolites, the formula, symmetry and structure of samples with different compositions (Si/Al ratio, exchangeable cations etc.) were difficult to establish. [5] [6] [7] This is largely due to the high flexibility of the Si-O-Al linkage in aluminosilicate framework, described as the most open tetrahedral framework type generated thus far. 8 These formulae were considered in the present study and used to calculate parameters such as the semiquantitative zeolite content (PZ j ) in the product of each stage, via equation 1, comparing the cation exchange capacities.
To that end, the experimental cation exchange capacity (CEC j k , expressed in meq g −1 ) of the synthesized products, and theoretical CEC (T.CEC k ), calculated by the chemical formulae of the zeolites, were used.
The mass of the zeolites in the product (mZ k j ) was calculated using equation 2, considering the semiquantitative zeolite content (PZ k j ) and mass of the product (mP k j ) formed at the end of the process. 
Process efficiency in terms of the use of available raw material was evaluated by the percent yield of the zeolite synthesis procedure. Percent yield can be defined as the ratio between the amount of products obtained and total mass of reactants or elements effectively incorporated into the two zeolites.
The reactants considered in this calculation were fly ash (m FA j ), NaOH used to prepare alkaline solutions for the extraction (m NaOH ext. j ) synthesis stages (m NaOH syn. j ), and aluminum powder (m Al ad A ) used in process A or sodium aluminate (m NaAlO2 ad B ) in process B. Based on these parameters, the yield (Y P j ) of reactions in process A and B were calculated considering the total mass of the products generated, as follows: These parameters are suitable indicators of process sustainability, since they are related to one of the main principles of green chemistry, atom economy. 9 According to these authors, synthetic methods should be designed to maximize incorporation of all materials used into the final products.
Another important aspect is the effluent generated at the end of the process. A new parameter was calculated to better compare the proposed processes. R Ef Z is defined as the volume of effluent per mass unit of zeolite obtained and is calculated using the following equation:
